Nitric oxide (NO) and cGMP have been implicated in many neuronal functions, including regulation of gene expression, but little is known about the downstream targets of NO/cGMP in the nervous system. We found that type II cGMP-dependent protein kinase (G-kinase), which is widely ex- 
In the central nervous system, the nitric oxide (NO)/cGMP signal transduction pathway has been implicated in a wide range of neuronal functions, including modulation of neurotransmitter release and uptake, neuronal differentiation and survival, and regulation of synaptic plasticity involved in learning and memory (1) (2) (3) (4) (5) (6) (7) . Although there are clearly functions of NO in the brain that are independent of cGMP, many physiological effects of NO in the nervous system are attributable to activation of soluble guanylate cyclase and increased intracellular cGMP (2, 4, 8) . Compared with other tissues, little is known about the actions of cGMP in the brain. Intracellular targets of cGMP include cGMP-dependent protein kinases (G-kinases), cGMP-regulated phosphodiesterases, and cGMP-gated ion channels, all of which are found in different neuronal tissues and may mediate cGMP effects (9 -12) .
There are two mammalian G-kinases that are structurally similar and share substrate specificity in vitro, but the enzymes differ in their subcellular localization, tissue distribution, and function (13) (14) (15) . Type II G-kinase is membrane-bound via an amino-terminal myristoylation site, whereas type I G-kinase is largely cytoplasmic (13, 16) . G-kinase II is widely expressed in brain and is also found in kidney and intestinal epithelial cells; G-kinase I is found in cerebellar Purkinje cells, certain sensory neurons, platelets, smooth muscle cells, and endothelial cells (1, 12, 13, 17, 18) . Type I G-kinase exists in an ␣-and ␤-isoform, which differ only in their first 100 amino acids and are splice products of a single gene (19) .
The effects of NO/cGMP on neuronal differentiation and survival and synaptic plasticity suggest that NO/cGMP regulate gene expression in the nervous system (1) (2) (3) (4) (5) (6) . Regulation of gene expression by the NO/cGMP signal transduction pathway has been recognized only recently, with induction of c-fos mRNA by cGMP-elevating agents and membranepermeable cGMP analogs occurring in a variety of cell types, including fibroblasts, epithelial, glial, and neuronal cells (20 -25) . In some cell types, NO and cGMP appear to induce c-fos mRNA only when cells are costimulated with agents that increase the intracellular calcium concentration (23, 25) . We have shown in fibroblast-like cells that G-kinase I mediates cGMP activation of the fos promoter and that transcriptional regulation requires nuclear translocation of the kinase (26, 27) . We identified a nuclear localization signal in G-kinase I that is both necessary for nuclear translocation of the enzyme and sufficient to direct transport of a heterologous protein to the nucleus (27) . Nuclear translocation of G-kinase I occurs only after activation by cGMP, suggesting that the nuclear localization signal is cryptic in the inactive enzyme and is exposed through a cGMP-induced conformational change or that cGMP changes interactions of the kinase with other proteins (27, 28) . G-kinase II contains a sequence [amino acids 482-489 of rat G-kinase II (29) ] that closely resembles the nuclear localization signal identified in G-kinase I (27) , but it is not known whether membrane-associated G-kinase II can change its subcellular localization and/or whether G-kinase II regulates gene expression in response to cGMP activation. Our findings establish G-kinase II as a mediator of transcriptional regulation in cells of neuronal and glial origin and have important physiological implications with regard to NO, cGMP, and calcium signaling in the brain.
MATERIALS AND METHODS

Plasmids
The expression vectors for wild-type G-kinase I␤ and G-kinase II, the G-kinase II (G2-A) mutant, the G-kinase II/I chimera that contains the first 29 amino acids of G-kinase II fused to the NH 2 terminus of G-kinase I, and the G-kinase I (K407-E) mutant have been described (16, 27, 29 -31) . The chloramphenicol acetyltransferase (CAT) reporter gene under control of the human fos promoter (pFos-CAT) and the reporter pTF5/53 were also described previously (26, 32) .
Transient transfections and reporter gene assays
Baby hamster kidney (BHK) cells, NIH3T3, C6 glioma, and PC12 pheochromocytoma cells were transfected using Lipofectamine (Life Technologies, Grand Island, N.Y.) as described previously (26) ; NB2A murine neuroblastoma cells were transfected similarly using Fugene (Boehringer Mannheim Corp., Mannheim, Germany). After transfection, cells were cultured in low serum-containing medium (26) and treated as indicated with 8-para-chlorophenylthio-cGMP (8-CPT-cGMP, BioLog), ethanamine,2,2Ј-(hydroxynitroso-hydrazono)bis-(Deta NONOate, Cayman), or A23187 (Sigma, St. Louis, Mo.) for 8 h prior to harvesting; 1H-[1, 2, 4]oxadiazolo[4.3-a]quinoxalin-1-one (ODQ, Calbiochem) was added 24 h before harvesting, where indicated. CAT and luciferase activities were measured as described (26) . Transfection efficiencies were determined by transfection of a ␤-galactosidase expression vector and histochemical staining (27) .
Subcellular fractionation and Western blot analyses
Cells were lysed in 0.4 ml of buffer A (150 mM NaCl, 10 mM NaPO 4 , 1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 20 g/ml leupeptin, 10 g/ml aprotinin, and 100 g/ml soybean trypsin inhibitor, pH 7.4) using a Dounce homogenizer (20 strokes, type B pestle) and brief sonication (three bursts of 3 s). Cytosol and particulate fractions were separated by centrifugation at 100,000 ϫ g for 1 h at 4°C. Whole cell homogenates and cytosolic and particulate fractions corresponding to 10 4 cells each were analyzed by denaturing polyacrylamide gel electrophoresis/Western blotting using previously characterized polyclonal antibodies against G-kinase I (1:2000 dilution) or G-kinase II (1:1000 dilution) and enhanced chemiluminescence detection (30, 33) .
Forebrains of 3-day-old pups of Sprague-Dawley rats were dissected and snap-frozen in the laboratory of Dr. J. A. Frangos of the University of California at San Diego. The tissue was homogenized and sonicated in buffer A, as described above, and half of the homogenate was incubated for 5 min at 4°C with 0.5 M NaCl and 1% Triton X-100 (16) . After centrifugation at 100,000 ϫ g for 1 h, the supernatants were preabsorbed with protein G agarose and incubated with G-kinase II-specific antibody (1:200 dilution) and protein G agarose for 3 h at 4°C. Washed beads were analyzed by Western blots developed using G-kinase II antibody.
Protein kinase assays
Cells were transfected as described above and solubilized for 5 min at 4°C with 1% Triton X-100 in buffer A in the presence of 0.5 M NaCl (16) . Lysates were cleared by centrifugation for 5 min at 11,000 ϫ g and total cellular G-kinase activity was determined in the presence of the specific protein kinase A inhibitor PKI, as described (26) .
Immunofluorescence staining of G-kinase
Cells were transfected and fixed as described (27) . After blocking with 5% bovine serum albumin, cells were incubated with antibody against G-kinase I or II (dilution 1:500), followed by fluorescein-5-isothiocyanate-conjugated goat antirabbit immunoglobulin G (Cappel), and visualized with a Zeiss fluorescence microscope (27) .
RESULTS
Cell type-specific trans-activation of a cGMPresponsive reporter by G-kinase II Although G-kinase II is found in a variety of tissues, it has not been reported to be expressed in cultured cells, presumably because enzyme expression is lost during in vitro culture. We screened several primary cell cultures and more than 30 established cell lines including neuronal, intestinal epithelial, and kidneyderived cell lines and found no detectable G-kinase II expression by Western blotting. (T. Gudi, S. M. Lohmann and R. B. Pilz, unpublished results). Although we found small amounts of G-kinase I in early passage C6 rat glioma and NB2A murine neuroblastoma cells, the amount of G-kinase I declined to negligible levels after several passages, as de-scribed for other cell types (34) . To compare the function of G-kinase II with that of G-kinase I in the same cellular environment, we transfected the enzymes into different cell types that are almost completely G-kinase deficient by activity assay and Western blot analysis ( Table 1 ; Fig. 4A ;27).
We previously found that the most cGMP-responsive cis-acting element in the human fos promoter is between nucleotides -303 and -281, which includes the fos AP-1 binding site (26, 32) . We used a reporter containing this enhancer element upstream of the fos basal promoter to examine the capacity of Gkinase II to regulate gene expression in different cell types; cotransfection of a luciferase expression vector served as an internal control for transfection efficiency. In C6 rat glioma cells, PC12 rat pheochromocytoma cells, and NB2A murine neuroblastoma cells transfected with G-kinase II, the membrane-permeable cGMP analog 8-CPT-cGMP increased reporter gene expression four-to sixfold (Fig. 1) . This is in contrast to BHK cells and NIH 3T3 fibroblasts, where G-kinase II had only a small effect or no effect on reporter gene expression, respectively (Fig. 1) . When cells were transfected with G-kinase I␤, 8-CPTcGMP increased reporter gene expression four-to eightfold in all cell types examined ( Fig. 1) . In cells transfected with empty vector, 8-CPT-cGMP had no significant effect on reporter gene expression, indicating little endogenous G-kinase activity and lack of cross-activation of cAMP-dependent protein kinase (A-kinase) by 8-CPT-cGMP ( Fig. 1) .
For further studies of G-kinase II regulation of gene expression, we chose C6 glioma cells and BHK cells that represent cell types with high and low G-kinase II-mediated activation of gene expression, respectively. Similar to the findings described above, the full-length fos promoter was stimulated ϳfour-fold by 8-CPT-cGMP in G-kinase II-expressing C6 cells, whereas 8-CPT-cGMP had no significant effect in BHK cells expressing this kinase (see Fig. 6A, B) . For comparison, the full-length fos promoter was stimulated four-to fivefold by 8-CPT-cGMP in both C6 cells and BHK cells expressing G-kinase I (see Fig.  6A , B).
NO induction of the fos promoter requires G-kinase
NO, by itself, has been reported to induce c-fos mRNA expression in different cell types, including PC12 pheochromocytoma cells (21, 22, (35) (36) (37) ; however, other workers have found in PC12 cells and GT1 hypothalamic cells that NO required increased intracellular calcium to induce c-fos mRNA (23, 25) . To determine whether NO induction of c-fos was mediated by G-kinase, we treated G-kinase-deficient and G-kinase II-expressing C6 cells with the NOgenerating agent Deta NONOate. In G-kinase-deficient C6 cells, transcription from the full-length fos promoter was not significantly increased by NO, but in cells expressing G-kinase II, fos promoter activity was stimulated three-to fourfold by 250 M Deta NONOate (Fig. 2) . Similar results were obtained with G-kinase I-expressing C6 cells (data not shown). Preincubation of cells with the calcium chelator EGTA (5 mM) did not influence NO-or cGMP- a Cells were transfected with the indicated G-kinase constructs as described in Materials and Methods.
b G-kinase activity was measured as described in Materials and Methods; values are the mean Ϯ sd of three independent experiments performed in duplicate (values are not corrected for transfection efficiencies).
c Transfection efficiency was determined as described in Materials and Methods and was 45-50% for C6 glioma cells and 75-80% for BHK cells.
induced fos promoter activity in G-kinase-expressing cells, whereas this concentration of EGTA completely prevented calcium ionophore effects on the fos promoter (data not shown). These results indicate that stimulation of the fos promoter by NO required the presence of G-kinase but that the effects of NO did not depend on increased extracellular calcium uptake.
Synergistic activation of the fos promoter by NO/ cGMP and calcium requires G-kinase
We used the calcium ionophore A23187 to test whether the effect of NO and cGMP on the fos promoter could be augmented by increasing the intracellular calcium concentration. Treating G-kinase-deficient C6 cells with A23187 increased fos promoter activity modestly, as described in other cell types [23; Fig. 2 : the effect of 0.3 M A23187 is shown in the bar graph and the effects of varying A23187 concentrations are shown in the inset, (open squares)]. Calcium stimulation of the fos promoter is mediated by calcium/calmodulin-dependent protein kinases (Cam-kinases) and the cAMP-responsive element binding protein CREB (38, 39) . Adding Deta NONOate or 8-CPT-cGMP with A23187 had no significant effect in the G-kinase-deficient C6 cells (Fig. 2, bar graph) .
In G-kinase II-expressing C6 cells, A23187 increased fos promoter activity significantly more than in G-kinase-deficient cells, suggesting that G-kinase II was activated under these conditions (Fig. 2, inset: compare open squares and open triangles, representing G-kinase-deficient and G-kinase II-expressing cells, respectively). When G-kinase II-expressing C6 cells were treated with the soluble guanylate cyclase inhibitor ODQ prior to adding A23187, the ionophore's effect on the fos promoter was reduced to that observed in G-kinase-deficient cells (Fig. 2, bar  graph) ; 8-CPT-cGMP reversed the effect of ODQ (data not shown). These results suggest that increasing the intracellular calcium concentration in C6 cells induced NO synthesis, leading to increased intracellular cGMP and G-kinase activation (2, 40) . Thus, in G-kinase-expressing C6 cells, the effect of A23187 on the fos promoter was mediated in part by activation of NO synthase, guanylate cyclase, and G-kinase in addition to activation of Cam-kinases. It appeared that G-kinase II was only partially activated by the endogenous NO/cGMP produced in A23187-treated cells, because the addition of Deta NONOate or 8-CPT-cGMP to these cells further increased fos promoter activity (Fig. 2, bar graph and inset) .
Since calcium induced the fos promoter only modestly in G-kinase-deficient C6 cells and in G-kinaseexpressing cells treated with the guanylate cyclase inhibitor ODQ, it appears that NO/cGMP and calcium acted synergistically to stimulate the fos promoter, as described previously in PC12 cells (23) . Our results demonstrate that this synergistic action of NO/cGMP and calcium required G-kinase. Similar, albeit less pronounced, synergy between NO/ cGMP and calcium was observed in G-kinase I-expressing C6 cells (data not shown).
Comparison of G-kinase I and II expression and subcellular localization
The difference in the ability of G-kinase I and II to regulate gene expression in C6 glioma cells and BHK cells (see Figs. 1 and 6 ) could be due to differences in expression levels or subcellular localization of the enzymes. When transfection efficiencies were accounted for, G-kinase activity was similar in C6 cells and BHK cells transfected with each respective G-kinase expression vector and comparable to specific activities reported in tissues that express the endogenous enzymes ( 
100,000 ϫ g supernatant, whereas G-kinase II was found almost exclusively (Ͼ90%) in the pellet (Figs. 4A and 5B show results in C6 and BHK cells, respectively). This distribution of G-kinase I and II between soluble and particulate fractions resembles that of endogenous G-kinase I in smooth muscle and endothelial cells and G-kinase II in kidney and intestinal epithelial cells (9, 33, 41; T. Gudi, unpublished results). G-kinase II was also particulate in rat brain: it was detectable in immunoprecipitates of 100,000 ϫ g supernatants only after solubilization with salt and detergent (Fig.  3) . Mouse brain G-kinase II expressed in COS cells was reported to reside partially in the cytosol, but this finding might be due to high expression levels saturating membrane binding sites or to an aminoterminal poly-histidine tag interfering with membrane association of the enzyme (14, 42) .
We have previously demonstrated that G-kinase I translocates to the nucleus upon activation by cGMP (27) . Membrane association of G-kinase II does not preclude its nuclear translocation because membrane association of some proteins is reversible (43) . We therefore examined whether G-kinase II changes its subcellular localization when cells are treated with 8-CPT-cGMP. Indirect immunofluorescence staining of G-kinase II in C6 glioma and BHK cells showed nonhomogeneous distribution of the enzyme, with intense staining of the cell periphery and the perinuclear region (Fig. 4B and Fig. 5C show results in C6 and BHK cells, respectively). In G-kinase II-expressing cells treated with 8-CPT-cGMP, no significant nuclear staining was observed; this is in contrast to cells expressing G-kinase I, which show nuclear translocation of the kinase under these conditions ( Fig.  4B and Fig. 5C ). These differences between G-kinase I and II are unlikely to be secondary to differential enzyme activation by 8-CPT-cGMP because the affinity of G-kinase II for 8-CPT-cGMP is higher than that of G-kinase I␤ (15, 44) . We cannot exclude that a small amount of soluble G-kinase II (undetectable by immunofluorescence) translocated to the nucleus; however, this could not account for the similar degree of transcriptional activation observed for G-kinase I and II in C6 glioma cells ( Fig. 1 and Fig.  6A ). Immunoprecipitation of G-kinase II from detergentsolubilized rat brain. Forebrains of 3-day-old rats were homogenized and half of the homogenate was treated with 0.5 M NaCl and 1% Triton-X-100, as described in Materials and Methods. After centrifugation at 100,000 ϫ g, supernatants were subjected to immunoprecipitation using a G-kinase II-specific antibody. Immunoprecipitates corresponding to one-tenth of one forebrain (lanes 1 and 3) were applied to denaturing polyacrylamide electrophoresis side-by-side with extracts of G-kinase II-expressing C6 glioma cells (lanes 2 and 4); Western blots were made using a G-kinase II antibody, as described in Materials and Methods. Shown are the immunoprecipitates of 100,000 ϫ g supernatants of a salt-and detergent-treated homogenate (lane 1) and of a control homogenate (lane 3); G-kinase II-expressing C6 glioma cell extracts served as standards (lanes 2 and 4) . 
Expression and subcellular localization of G-kinase I and II variants
To determine whether membrane association of G-kinase II prevents nuclear localization of the enzyme, we examined the subcellular localization of two variant G-kinase constructs: a mutant G-kinase II with a glycine to alanine substitution at position two that prevents myristoylation [GK II (G2-A) mutant] and a membrane-targeted variant of G-kinase I that contains the first 29 amino acids of G-kinase II fused to the NH 2 terminus of G-kinase I [G-kinase II/I chimera ] (Fig. 5A) . Approximately 50% of the G-kinase II (G2-A) mutant was found in the soluble fraction of C6 and BHK cells (Fig. 5B, right panel, shows wild-type and mutant G-kinase II in BHK cells). These results suggest that G-kinase II may be targeted to membranes or subcellular organelles in C6 and BHK cells by additional mechanisms besides myristoylation, e.g., by interaction with anchoring proteins (45) . More than 90% of the G-kinase II/I chimera was in the particulate fraction of C6 and BHK cells (Fig. 5B, left panel, shows wild-type Gkinase I and the G-kinase II/I chimera in BHK cells). These results agree with previous work demonstrating that the first 29 amino acids of G-kinase II are sufficient to direct G-kinase I to the plasma membrane of intestinal epithelial cells (31) . The higher expression of the G-kinase II/I chimera compared to wild-type G-kinase I (Fig. 5B and Table 1 ) may be because the amino-terminal myristoylation signal stabilizes the enzyme (16) .
Indirect immunofluorescence staining demonstrated that in the absence of 8-CPT-cGMP, the partially soluble G-kinase II (G2-A) mutant was diffusely distributed throughout cells with sparing of the nuclei; when cells were treated with 8-CPTcGMP, there was prominent nuclear staining (Fig.  5C ), which was confirmed by confocal laser microscopy (not shown). In 8-CPT-cGMP-treated cells expressing the membrane-targeted G-kinase II/I chimera, no nuclear staining was demonstrated (Fig.  5C ). The data suggest that G-kinase II contains a functional nuclear localization signal that is exposed GK II (WT), wild-type G-kinase II with amino-terminal myristoylation; GKII (G2-A), G-kinase II with a glycine to alanine substitution at position two that prevents myristoylation; GKII/I chimera, a chimera that contains the first 29 amino acids of G-kinase II fused to the NH 2 terminus of G-kinase I. B) Western blot analysis. Cells were transfected with the indicated G-kinase expression vector; cell homogenates (H) and 100,000 ϫ g supernatant (S) or pellet (P) fractions were analyzed as described in Fig. 4A using an when the kinase is activated by cGMP, but that membrane association of G-kinases I or II via the first 29 amino acids, including the myristoylation signal of G-kinase II, is sufficient to prevent nuclear translocation of the kinases.
Transactivation of the fos promoter by G-kinase I and II variants
Since the partially soluble G-kinase II (G2-A) mutant resembled G-kinase I and the membrane-targeted G-kinase II/I chimera resembled wild-type G-kinase II with respect to subcellular localization and capacity for cGMP-induced nuclear translocation (Fig. 5) , we examined the effect of these G-kinase variants on fos promoter activity in C6 glioma and BHK cells. The partially soluble G-kinase II (G2-A) mutant mediated an ϳsixfold induction of the fos promoter in both cell types treated with 8-CPT-cGMP (Fig. 6A,  B) . This induction correlated with G-kinase II (G2-A) translocation to the nucleus (Fig. 5C ) and suggested that nuclear translocation of G-kinase is required for efficient transcriptional regulation in BHK cells. Since G-kinase II (G2-A) induced the fos promoter more efficiently than either wild-type G-kinase I or II in C6 cells, the mutant enzyme may recognize nuclear substrates more efficiently than G-kinase I and/or may act through both nuclear and extranuclear mechanisms.
As expected from its lack of nuclear translocation in immunofluorescence studies (Fig. 5C) , the membrane-targeted G-kinase II/I chimera, like wild-type G-kinase II, was unable to activate the fos promoter in BHK cells (Fig. 6B) . The G-kinase II/I chimera also failed to trans-activate the fos promoter in C6 glioma cells, suggesting that the factor(s) that mediate the nuclear effects of membrane-bound G-kinase II in these cells are not recognized by this membranetargeted G-kinase I variant (Fig. 6A) . Membrane targeting could potentially alter substrate recognition by the G-kinase II/I chimera, but the enzyme is fully active in vitro toward several substrates and phosphorylates the cystic fibrosis transmembrane conductance regulator (CFTR) channel protein in vivo (31) . To test another extranuclear G-kinase I construct, we examined G-kinase I (K407-E), which is unable to translocate to the nucleus in response to cGMP due to a mutation in the nuclear localization signal (27) . This mutant G-kinase I (K407-E) is indistinguishable from wild-type G-kinase I with respect to solubility, in vitro kinase activity, cGMP binding, and in vivo phosphorylation of the extranuclear substrate vasodilator-stimulated phosphoprotein (27; T. Gudi, unpublished results). In C6 and BHK cells transfected with G-kinase I (K407-E), the fos promoter was unresponsive to cGMP (Fig. 6A, B) . The finding that two different versions of G-kinase I that are excluded from the nucleus [G-kinase II/I chimera and G-kinase (K407-E)] did not activate the fos promoter in C6 glioma cells strongly suggests that extranuclear factor(s) that mediate trans-activation by G-kinase II are not recognized by G-kinase I.
DISCUSSION
Many of the functions of NO and cGMP in the nervous system may involve regulation of gene expression; e.g., up-regulation of mRNAs encoding c-fos and microtubule-associated protein-2 and down-regulation of the mRNAs encoding gonadotropin-re- Figure 6 . Transactivation of the fos promoter by G-kinase I and II variants. Cells were transfected with 50 ng of pFosCAT, 50 ng of pRSV-Luc (internal control), and 500 ng of the indicated G-kinase expression vector or empty control vector, as described in Materials and Methods. Cells were either left untreated (striped bars) or were treated with 500 M 8-CPTcGMP (filled bars) for 8 h prior to measuring reporter gene activities. CAT activity was normalized to luciferase activity as described in Fig. 1 . The G-kinase constructs are described in Fig. 5 except for GK I (K407-E), which encodes G-kinase I with a mutation in the nuclear localization signal that prevents nuclear translocation (27) . A) C6 glioma cells; B) BHK cells. Data are the mean Ϯ sd of three independent experiments.
leasing hormone and calcium/calmodulin-dependent protein kinase II␣ (1, 20, 23, 25, 46, 47) . We have previously demonstrated that trans-activation of the human fos promoter by NO and cGMP is mediated by G-kinase I in BHK cells (26, 48) . However, the distribution of G-kinase I in the nervous system is quite limited, with high levels found only in cerebellar Purkinje cells and sensory neurons of the dorsal root ganglia (1, 13, 18) . In contrast, G-kinase II is expressed in most regions of the brain, with highest levels in the thalamus, cortex, septum, amygdala, and olfactory bulb, and low levels in cerebellum, striatum, and hippocampus (12, 17) .
We found that G-kinase II trans-activated the human fos promoter as efficiently as G-kinase I in cells of neuronal and glial origin, but that transcriptional regulation by G-kinase II was cell type specific. Unlike G-kinase I, G-kinase II did not require nuclear translocation of the kinase to trans-activate the fos promoter. Moreover, the factor(s) mediating the nuclear effects of G-kinase II in C6 cells did not appear to be recognized by G-kinase I, since two different extranuclear versions of G-kinase I failed to trans-activate the fos promoter in these cells. Differences between G-kinase I and II substrate recognition have been reported (14, 15) ; in the case of the CFTR channel, this difference could be overcome by targeting G-kinase I to the same subcellular compartment as G-kinase II (31) . Differential access of G-kinase I and II to specific substrates in vivo may be determined not only by membrane targeting of the latter enzyme, but also by the presence or absence of cell type-specific G-kinase II anchoring proteins, which have been described recently (45) . Protein kinase A is targeted to different subcellular compartments via its association with specific anchoring proteins, and some physiological functions of protein kinase A require association of the kinase with specific anchoring proteins (49) .
The cell-specific factors that determine the differential capacity of G-kinase II to regulate gene expression in different cell types may include other protein kinases or phosphatases regulated by G-kinase II and/or transcription factors that translocate to the nucleus in response to phosphorylation. Preliminary work from our laboratory indicates that activation of the fos promoter by G-kinase II in C6 glioma cells does not involve activation of the mitogen-activated protein kinase pathway. Several specific peptide inhibitors of protein phosphatase-1 expressed in neuronal tissues are activated by G-kinase phosphorylation (50); inhibition of protein phosphatase-1 can lead to activation of the fos promoter (51, 52) . A candidate transcription factor that could be regulated by G-kinase II phosphorylation is the CCAAT/ enhancer binding protein (C/EBP)-␤; this protein is expressed in cells of neuronal and glial origin and translocates to the nucleus in response to phosphorylation by protein kinase A (53, 54) . Work is in progress to examine the effect of G-kinase I and II on subcellular localization and function of C/EBP-␤. Preliminary experiments demonstrate that trans-activation of the fos promoter by G-kinase I and II requires similar cis-acting elements (T. Gudi et al., unpublished results).
Our findings are of particular relevance to the function of the NO/cGMP signal transduction pathway in the regulation of synaptic plasticity (1-4, 7, 8) . Long-term changes in synaptic efficiency, i.e., longterm potentiation and depression (LTP/LTD), are thought to underlie the processes of learning and memory and require activation of new programs of gene expression (reviewed in refs 38, 39). Hippocampal LTP is reduced in mice that are doubly mutant in endothelial and neuronal NO synthase, indicating that NO is critical for facilitated synaptic transmission (55); however, hippocampal LTP appears to be normal in mice lacking type I and II G-kinases, suggesting that NO induces LTP through an alternative pathway (56) . In contrast, G-kinase seems to be involved in the regulation of LTD (2, 3, 8) . Simultaneous increases in the intracellular calcium and NO/cGMP concentrations are both necessary and sufficient for induction of cerebellar LTD; thus, synergistic regulation of gene expression by calcium and NO/cGMP in neuronal cells may be important for the regulation of LTD (2, 3, 23) . Our results demonstrate that the effect of NO and the synergistic effect of NO and calcium on the fos promoter in C6 cells require G-kinase activity; the synergism between NO and calcium may involve G-kinase phosphorylation of protein phosphatase-1 inhibitors, because inhibition of protein phosphatase-1 can lead to increased Cam-kinase activation and CREB phosphorylation (50, 52, 57) .
Until now, only indirect evidence existed for Gkinase regulating gene expression in the nervous system. NO-releasing agents and membrane-permeable cGMP analogs increase c-fos mRNA expression in calcium ionophore-treated PC12 pheochromocytoma and GT1 hypothalamic cells (23, 25) : in the former study, c-fos induction was reduced by an protein kinase A inhibitory peptide that likely also inhibited G-kinase activity; in the latter study, the effect was prevented by a specific G-kinase inhibitor. Other workers have reported induction of c-fos mRNA by NO and cGMP analogs in PC12 cells in the absence of calcium costimulation, and inhibition of the effect by a G-kinase inhibitor (35) . PC12 cell lines may vary in G-kinase activity and thus in NOinduced increases in c-fos mRNA; the PC12 cell line we have examined is G-kinase deficient and does not show c-fos mRNA induction in response to NO or 8-CPT-cGMP (T. Gudi and R. B. Pilz, unpublished results). NO and cGMP can also modulate the expression of c-fos mRNA and other genes in various primary neuronal tissues; in some cases, G-kinase inhibitors were shown to abrogate the effect (36, 37, 46, 47, 58, 59) . Unfortunately, G-kinase inhibitors do not allow distinction between G-kinase I and II (13, 20) . Although different amounts of G-kinase I and II are found in specific neuronal cell subpopulations, both enzymes are coexpressed in some cell types, e.g., in cerebellar and hippocampal neurons (1, 11, 12, 17, 18) . We took advantage of transient transfection assays in G-kinase-deficient cell lines to examine the effect of G-kinase I and II independently. Our findings clearly indicate that regulation of gene expression by the membrane-bound, extranuclear G-kinase II requires cell-specific factors that are found in some cells of neuronal and glial origin. In contrast, G-kinase I regulates gene expression in a wide variety of cell types, but transcriptional regulation requires nuclear translocation of the kinase.
